Mice lacking neurotrophin-3 (NT-3) have been shown previously to be born with severe sensory deficits. This study characterizes the developmental course of this deficit in the trigeminal sensory ganglion, which in NT-3 homozygous mutants contains only 35% of the normal number of neurons at birth. At embryonic day 10.5 (E10.5), normal numbers of neurons, as assessed by expression of neurofilament protein and of total cells, are present in the ganglia of mutant homozygotes. During the next 3 d (E10.5-E13.5), virtually all of the deficit develops, after which mutant animals retain only ϳ30% the normal number of neurons. Quantification of neuronal and neuronal precursor numbers in normal and mutant animals reveals that neurons are specifically depleted in the absence of NT-3. A deficiency in precursor proliferation is only seen after most of the neuronal deficit has developed. Numbers of apoptotic cells in the ganglia of mutant animals are elevated during this same interval, indicating that the neuronal deficit is caused, in large part, by increased cell death of embryonic neurons.
The neurotrophins are a family of related proteins, including NGF, BDNF, neurotrophin-3 (NT-3), and NT-4/5, required for the survival of many classes of neurons (for review, see Korsching, 1993) . Their major actions are mediated by a family of receptor tyrosine kinases called trkA, B, and C; each neurotrophin also interacts with another receptor, p75NTR (for review, see Bothwell, 1995) . Examinations of mice with targeted mutations in the genes encoding neurotrophins or their receptors have revealed specific deficiencies at birth associated with each mutation (for review, see Fariñas & Reichardt, 1996) . Characterization of neuronal losses at birth in the dorsal root ganglion has shown that animals lacking NT-3 exhibit complete elimination of proprioceptive neurons (Ernfors et al., 1994; Fariñas et al., 1994; Tessarollo et al., 1994; Tojo et al., 1995) , but they additionally suffer severe losses in sensory neuron populations including neurons that are dependent on other neurotrophins postnatally (Fariñas et al., 1994) . This suggests that NT-3 is required during embryogenesis for multiple populations of sensory neurons, which is consistent with the widespread expression of NT-3 and its major receptor trkC during embryogenesis (Ernfors et al., 1992; Tessarollo et al., 1993; Lamballe et al., 1994) .
Of particular interest is the trigeminal ganglion, where a lack of NT-3 causes a reduction in the number of neurons at birth of Ͼ60% relative to wild-type animals. The trigeminal ganglion primarily supplies sensory innervation to derivatives of the first branchial arch including facial skin and the oral cavity. Interestingly, this ganglion does not contain proprioceptive neurons in wild-type animals. Thus, the deficits observed in animals lacking NT-3 must involve other neuronal classes. It is not known, however, how the trigeminal ganglion deficit is generated during the development of these animals. The development of this ganglion and its innervation patterns have been intensely studied as a model system for characterizing the roles of neurotrophins (for review, see Davies, 1994) . The temporal and spatial patterns of neurotrophin and neurotrophin receptor expression have been mapped in great detail and correlated with stages of development within the ganglion and in innervation of target fields (Arumae et al., 1993; Buchman and Davies, 1993 ) (for review, see Davies, 1994) .
Previous observations have revealed several actions of NT-3 that might contribute to the development of the trigeminal ganglion in vivo and account for aspects of the deficit observed in NT-3 mutant homozygotes. NT-3 has been shown to accelerate the differentiation of spinal sensory neurons from progenitor cells (Wright et al., 1992) . NT-3 has been shown to promote survival of embryonic trigeminal neurons in vitro, some of which later become dependent on other neurotrophins (Buchman and Davies, 1993) . NT-3 can act as a survival factor for neuroblasts in vitro (Birren et al., 1993; diCicco-Bloom et al., 1993; Karavanov et al., 1995) , and some evidence indicates that it may also do so in vivo (ElShamy et al., 1995; ElShamy and Ernfors, 1996a,b) . Finally, studies have shown that NT-3 application in vitro increases the proliferation of sensory neuron precursors (Memberg and Hall, 1995) .
In the present work, we evaluate the possible roles of NT-3 by examining the details of development of the trigeminal ganglion in normal and NT-3-deficient mice. We find that the neuronal deficiency in animals lacking NT-3 appears during a comparatively short period of development that coincides with the peak of neurogenesis and axonal innervation of targets. We show that the neuronal deficit is associated with an abnormally high frequency of apoptosis. Examination of NT-3 expression indicates that NT-3 is derived from sources in the surrounding mesenchyme and target fields. The results indicate that the deficit reflects the loss of neurons dependent on obtaining this factor from peripheral sources.
MATERIALS AND METHODS
Mice with a targeted mutation in the NT-3 gene, in which the coding region of the lacZ gene replaces the coding exon for NT-3 (Fariñas et al., 1994) , were obtained from our colony and bred out over the C57/Bl6 background. Animals were genotyped by DNA blot analysis as described (Fariñas et al., 1994) .
Females in estrus were paired with males overnight and examined for vaginal plugs the following morning. For the purposes of staging embryos, pregnant females were regarded as having conceived at midnight. Some litters were additionally staged using the criteria of Theiler (1989) . Dams were killed by cervical dislocation at noon and the embryos dissected out and placed immediately into Carnoy's fixative (60% ethanol, 30% chloroform, 10% acetic acid). Embryos were dehydrated, embedded in paraffin, sectioned at 7 m on a rotary microtome, mounted in series, and stained with cresyl violet.
For immunohistochemistry, sections were rehydrated through a graded series of alcohols. Endogenous peroxidases were quenched using 10 mM Tris, pH 7.5, 150 mM NaCl (TBS) containing 10% methanol and 3% hydrogen peroxide. Sections were rinsed in TBS then blocked in TBS containing 10% normal goat serum, 0.1% Triton X-100 (Sigma, St. Louis, Figure 1 . Summary of the trigeminal phenotype in embryos lacking NT-3. For each pair of photographs, representative sections from wild-type (A, C, E) and mutant (B, D, F ) animals are compared. These observations are quantitated in Tables 1 and 2 . A, B, E13.5 material stained for NF-150 and counterstained for cresyl violet. Neurons are depleted relative to overall trigeminal populations. C, D, E13.5 material stained for cresyl violet. The density of pyknotic profiles is greatly elevated in mutants. Arrowheads indicate red blood cells. E, F, E11.5 material stained for BrdU incorporation by proliferating cells. Proliferation is unchanged at this stage. Scale bar, 100 m. MO), 1% glycine, and 2-3% BSA (Sigma). Primary antibodies were added in blocking solution as follows: rabbit anti-neurofilament (NF)-150 kDa subunit (Chemicon, Temecula, CA, 1:2000) ; anti-BrdU (Novocastra, 1:100) (see below). Immunoreactivity was detected using the appropriate biotinylated secondary antibody and biotin-avidin-biotin peroxidase reagents from the Vectastain detection kit (Vector Labs, Burlingame, CA), following the manufacturer's instructions.
Counts of neurons and cells. The trigeminal ganglion was mapped in paraffin series from three mutant and three wild-type animals for each stage analyzed. Every fifth section through the ganglion was photographed at high magnification, and positive profiles containing nucleoli were counted in the resulting montage. No correction was made in the counts for split nucleoli. The numbers of trigeminal precursors in embryos up to stage E13.5 were calculated as the average number of Nissl profiles minus the average number of neurofilament-positive profiles. (Satellite cells are not born until after these stages) (see Altman and Bayer, 1982.) Counts of pyknotic profiles. The density of pyknotic profiles was measured in Nissl-stained paraffin sections through the trigeminal of five wild-type and five mutant embryos at E11.5 and E13.5. Widely spaced (by at least 30 m) sections representing 8 -10% of the total cell number were photographed as above, and the number of pyknotic profiles was divided by the total number of cells within the sections. Care was taken to exclude red blood cells (Coggeshall et al., 1994) .
Analysis of incorporation. Pregnant dams were injected intraperitoneally with BrdU (Sigma) (50 mg/kg body weight) 2 hr before killing. The embryos were dissected, embedded, sectioned, and mounted as above.
Before staining with anti-BrdU antibody, sections were treated with 2N HCl in 0.05 M PBS, pH 7.2, at 37ЊC for 20 min; neutralized in 0.1 M borate buffer, pH 8.5, for 5 min; washed once in TBS; and then treated with peroxidase/methanol and stained following the protocol for immunohistochemistry described above.
LacZ staining of whole mounts and sections. Embryos up to age E13.5 were fixed for 1-2 hr in ice-cold 2% paraformaldehyde in PBS, pH 7.3. They were then either stained immediately for lacZ activity as whole mounts or frozen and cryosectioned at 10 -30 m for staining of sections.
Sections or whole mounts were placed into X-Gal staining solution (PBS, pH 7.3, containing 2 mM MgCl 2 , 0.02% NP-40 (Sigma), 0.01% sodium deoxycholate, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, and 1 mg/ml X-Gal (Boehringer, Indianapolis, IN). Specimens were developed overnight with shaking at 37ЊC, washed extensively with PBS, pH 7.3, and post-fixed in 4% paraformaldehyde in PBS, pH 7.3. Control material never showed color development under these conditions. Sections were then either immunostained for neurofilament (as above) or coverslipped with glycerol and stored.
In pilot experiments, the expression pattern of lacZ was compared in sections through the heads of heterozygous and homozygous mutant animals. No difference was found in the tissue distribution of lacZ product among animals of the different genotypes. Whole mounts were therefore performed on heterozygotes, whereas sections of homozygotes and heterozygotes were studied.
Comparison of maxillary and ophthalmic branches of the trigeminal ganglion. Seven-micron paraffin sections cut in the coronal plane through the heads of E13.5 embryos were immunostained for NF-150 as above. The areas of the ophthalmic and maxillary branches of the trigeminal nerve were measured at the level of the posterior margin of the optic chiasm using the Neurolucida computerized tracing system (Microbrightfield, Colchester, VT).
RESULTS

The NT-3 deficit emerges early in trigeminal development
To analyze the time course of the development of the trigeminal defect in animals lacking NT-3, we counted the numbers of neurons and the trigeminal ganglion of mutant and wild-type embryos at several stages of development. Neurons in E10.5, E11.5, and E13.5 embryos were counted as immunoreactive profiles in series stained for NF-150 kDa protein (NF-150), a ubiquitous early neuronal marker (Cochard and Paulin, 1984) (Fig. 1  A, B) . Neurons in E15.5 and postnatal day 0 (P0) animals were counted according to morphological criteria in Nissl-stained material. Total cells were counted in Nissl-stained material at E10.5, E11.5, and E13.5.
Mutant embryos at E10.5 showed no detectable difference in neuronal number when compared with wild-type embryos (Fig. 2 , Table 1 ). Over the next days of development, during which most trigeminal neurons are born and extend axons to their peripheral targets (Davies and Lumsden, 1984) , significant and increasing deficits in neuronal number were seen in mutant ganglia. At E11.5, mutants have only 60% as many neurofilament positive profiles as their wild-type counterparts. By E13.5, mutant animals have only 30% of the normal number of neurons. The number of neurons in mutant ganglia, and the deficit, remains roughly constant in size from E13.5 until birth. The trigeminal ganglia in heterozygous animals contained 52,210 Ϯ 6821 neurons at E13.5, which is not significantly different from wild-type animals at this stage (wild-type embryos contain 48,755 Ϯ 3943 neurons at E13.5). This suggests that NT-3 is not present in limiting amounts with respect to the survival of these neurons at this stage.
To quantitate the numbers of precursor cells between E11.5 and E13.5 in normal and homozygous mutant embryos, we estimated the numbers of this population by subtracting neuronal numbers from the total numbers of cells present in the ganglion. (The major class of non-neuronal cells in the adult ganglion, the satellite cells, are not born until after these stages) (see Altman and Bayer, 1982 ) (see Discussion.) At E10.5 and E11.5 ( Fig. 2 ; Table 1 ), the number of trigeminal precursor cells is similar in mutants and wild-type embryos. An ϳ30% reduction in precursor numbers is seen in E13.5 mutant animals, although this difference is not statistically significant. This deficit occurs later in development compared with the defect in neurons, which is already substantial at E11.5 and is essentially complete at E13.5. Therefore, the absence of NT-3 affects neurons earlier and more severely than precursor cells. Neurons consequently represent a smaller fraction of all cells compared with wild type at both stages (Compare Fig. 1 , A and B; Table 1 ).
Cell death is elevated in NT-3 mutants
The trigeminal ganglia of E10.5 mutant embryos contain normal numbers of cells and neurons. The subsequent deficit therefore could be attributable to a failure of precursors to proliferate or an increase in cell death. To investigate the latter possibility, we measured the density of pyknotic profiles at E11.5 and E13.5 (Table 2) . We found substantial numbers of pyknotic profiles in all stages and genotypes during the interval over which the deficit is occurring (data not shown). We found a significant, approximately twofold increase in density of pyknotic profiles in E11.5 mutants relative to wild type and a highly significant 2.5-fold increase at E13.5 (see Fig. 1C, D) . Thus, the emergence of the neuronal deficit correlates with an abnormally high rate of cell death in mutant animals.
To examine possible effects of the NT-3 deficiency on precursor proliferation, we also determined the number of cells that incorporate BrdU at different stages in normal and homozygous mutant animals (Table 2, Fig. 2 E, F ) . At E11.5, there is no significant difference in numbers of BrdU-positive cells between wild-type and mutant embryos. At E13.5, we observed a reduction in total numbers of BrdU-positive profiles in homozygous mutants; when this was normalized to the independently measured numbers of precursor cells, we found a highly significant, approximately twofold reduction in the intrinsic rate of proliferation. This indicates a change of precursor populations subsequent to elimination of neurons. Because neurogenesis is almost complete in mice by this stage (see Altman and Bayer, 1982) , these changes seem unlikely to substantially reduce the final neuronal number but may reduce glial numbers.
NT-3 is expressed throughout the periphery of the trigeminal system
We took advantage of the ␤-galactosidase reporter construct inserted into the NT-3 locus to analyze the expression of NT-3 in the early trigeminal system by staining whole mounts of embryos using lacZ histochemistry (Fig. 3) . Although our results provide greater resolution than published in situ hybridization studies (Arumae et al., 1993 ) (for review, see Davies, 1994) , they are consistent with the patterns of expression found in those studies. We additionally stained some embryos using TuJ1 (Easter et al., 1993) , a monoclonal antibody that recognizes the neuron-specific ␤3 isoform of tubulin to reveal axonal projections (Fig. 3B) . At E9.5, when the first trigeminal neurons are born and begin to extend neurites (Davies and Lumsden, 1984; Easter et al., 1993) , lacZ expression is already detectable in the first branchial arch (Fig. 3A, arrow) , the presumptive target of most trigeminal neurons. The midline of the roof of the mesencephalon is also intensely stained. By E10.5 (Fig. 3B) , the reporter expression has greatly intensified and spread throughout the developing mandibular and maxillary processes. The olfactory pit (data not shown) and eye cup are stained to intermediate intensity. TuJ1 counterstaining reveals that the anterior margin of the trigeminal ganglion is surrounded by NT-3 expressing cells. At E11.5 (Fig. 3C) , the expression pattern changes, with more intense expression toward the distal half of the maxillary (Fig. 3C, Mx) and mandibular processes. This trend is continued in E13.5 embryos, in which expression in the maxillary territory is most intense in the mystacial pad (Fig. 3D, MP) and distinctly less in the surrounding regions. The nostrils, ears, and mesenchyme surrounding the eyeball remain intensely stained. This pattern of staining remains similar for several days after E13.5 (data not shown) (see also Tojo et al., 1995) .
To examine the trigeminal system in greater detail, we also stained cryostat sections from embryos with one or two copies of the gene replacement for lacZ activity, alone or in conjunction with NF-150 immunohistochemistry (Fig. 4) . In E11.5 animals (Fig. 4 A, B) , nearly every cell in the distal ends of the maxillary and mandibular processes, including the presumptive epidermis (Fig. 4 A, ep) , was stained. Lineage tracing studies (Trainor and Tam, 1995 , and references therein) have shown that these structures are populated by cells of three different developmental origins that occupy segregated final locations within the arch. The epithelial lining is derived from ectoderm, whereas the subadjacent mesenchyme is derived from cells of neural crest origin. The deep mesenchymal (Fig. 4 A, mch) interior is derived from paraxial mesoderm. The staining seen throughout the depth of these structures at this stage indicates that cells of all three lineages express NT-3 at this time. Thus, axons approaching their cutaneous targets are bathed in NT-3 along their entire trajectory (Fig.  4 B) . We found staining in other trigeminal targets, including the corneal ectoderm, the nostrils, and the oral epithelia (data not shown). In E12.5 animals (Fig. 4C ), expression appears to be reduced in the presumptive epidermis, while remaining intense throughout the mesenchyme. By E13.5 (Fig. 4 E, F ) , reporter expression is no longer detectable in ectodermally derived targets such as the epidermis, instead being confined to mesenchyme adjacent to the epidermis (Fig. 4 E) , hair follicles (Fig. 4 F) , and the eyeball (data not shown). Thus, NT-3 is transiently and intensely expressed in trigeminal target tissues from E11.5 to E13.5, which correlates with the developmental interval over which trigeminal neurons are lost in mutants.
In sections from embryos of stages E11.5-E13.5, the vast majority of trigeminal cells are negative for reporter expression (Fig.  4 D) . Although others have shown expression of NT-3 in a small number of sensory neurons at later stages as assessed by a similar lacZ reporter (Tojo et al., 1996) , we find no evidence for neuronal expression at the earlier stages during which the deficits in neuronal number are emerging in the trigeminal ganglia of animals lacking NT-3. We do find a very small number of positive cells, none of them neurons, within the ganglion at these stages (Fig.  4 D, arrows) . In agreement with other reports (Arumae et al., 1993; Buchman and Davies, 1993) , we find no evidence of NT-3 expression in the CNS targets of the trigeminal ganglion neurons (data not shown).
The mystacial pad of the snout, which is the most densely innervated cutaneous target in the adult mouse, is derived during development from the first branchial arch (Fig. 3 A, C, D, arrows) . This structure expresses very high levels of NT-3 during the developmental interval over which trigeminal neurons are abnormally lost in mice lacking NT-3 (Buchman and Davies, 1993) (present results). We wondered whether NT-3 might be especially important within the first branchial arch for the maintenance of immature trigeminal neurons. If so, then the neurons innervating this tissue would be more affected by the absence of NT-3 than neurons supplying regions that express less NT-3. To test this idea, we compared the effect of the NT-3 mutation on the crosssectional area of the ophthalmic nerve, which supplies areas outside the first branchial arch, which express much lower levels of NT-3 (Buchman and Davies, 1993 ) (see Fig. 3 ), and the maxillary nerve, which supplies the maxillary process of the first branchial arch including the presumptive mystacial pad.
We measured the cross-sectional area of the ophthalmic and maxillary nerves in paraffin sections cut in the coronal plane through E13.5 embryos in wild-type, heterozygous, and mutant embryos. (Fig. 5 , see Table 3 ) We found that neither nerve trunk was significantly reduced in area in heterozygous animals. However, the ophthalmic nerve in homozygous mutants was reduced by 60% in cross-sectional area, whereas the maxillary nerve was reduced by 50% (Table 3 ). This result suggests that neurons supplying targets outside the first branchial arch are depleted to a similar extent to neurons supplying targets within the arch. Thus, the intense expression of NT-3 in the first branchial arch likely does not correspond to a differential requirement by trigeminal neurons innervating those territories for NT-3.
DISCUSSION
Results presented in this paper show that the deficiency in neuronal numbers seen in the trigeminal ganglion in animals lacking NT-3 emerges rapidly over a short interval in the development of the animal. This period, between stages E10.5 and E13.5, is characterized in homozygous mutants by a progressive depletion of neurons from the pool of all trigeminal cells relative to wildtype embryos. During these stages, apoptotic cell death is elevated in the trigeminal ganglion of mutants relative to wild type; whereas neither the incorporation of BrdU into proliferating trigeminal cells nor the numbers of trigeminal precursor cells is reduced in mutants until after the birth of most neurons. Our lacZ-based assay for NT-3 expression shows that NT-3 is produced throughout the periphery of the trigeminal system but not within the ganglion or the CNS targets of ganglion neurons. We conclude that the neuronal defect seen in the trigeminal ganglion of mutant mice is attributable to the abnormal cell death of neurons. Thus, NT-3 acts in wild-type mice as a peripherally derived survival factor for early trigeminal ganglion neurons.
Neurons and precursors in the developing trigeminal ganglion
NT-3 has been proposed to perform a variety of actions in the developing nervous system (for review, see Korsching, 1993) . To evaluate these potential roles, it was necessary for us to track the dynamics of both the neuronal pools and the precursor pools that give rise to them. As discussed below, we believe our measurements, centering around the expression of NF-150 by trigeminal neurons, can yield an accurate assessment of the relative dynamics of these two populations in the early ganglion.
We chose expression of NF-150, a member of the family of neuron-specific, middle molecular mass, intermediate-filament proteins, as our benchmark for identifying trigeminal neurons. During embryogenesis, these proteins are expressed by all sensory neurons, with the onset of expression at the cellular level concomitant with initial axonogenesis by recently born sensory neurons (Cochard and Paulin, 1984) . Thus, although our counts based on NF-150 may omit some cells in the earliest stages of commitment to neuronal fate, it unambiguously identifies all neurons from an early stage.
Our observations indicate that the temporal expression of NF-150 by early trigeminal ganglion neurons is not disrupted in mice lacking NT-3. We find normal numbers of NF-150 expressing cells in E10.5 mutants, indicating the appropriate temporal expression of this antigen in the absence of NT-3 by the earliest trigeminal neurons. Additionally, our counts of total cell numbers at E11.5 and E13.5 (Table 1) suggest that the deficiencies seen in neurofilament counts of mutant embryos at these stages reflect the absence of cells rather than delay or failure of neurons to express NF-150 in mutant animals. If the absence of NT-3 were to cause a delay in the expression of NF-150, one might expect to see increased numbers of neurofilament-negative cells in mutant animals relative to wild-type animals. Instead, we find that the difference between wild-type and mutant embryos in total cell numbers is equal to or greater than the difference in neuronal counts at both E11.5 and E13.5. Thus, we conclude that the neurons are actually absent in mutants rather than present and failing to express NF-150. Finally, consistent with this conclusion, the development of the peripheral projections of trigeminal neurons in material stained for NF-150 appears to be temporally appropriate in mutant embryos (data not shown). Thus, NF-150 appears to mark an equivalent population of neurons in both wild-type and mutant embryos.
We selected the term "precursor" to designate members of the population (or populations) of proliferating cells in the trigeminal ganglion of midgestation embryos that give rise to the mature cell types found in the adult ganglion (i.e., principally neurons and satellite cells). Neurogenesis studies indicate that neurons are born from this pool over stages E9.5-E13.5, with a peak over stages E11-E12 (see Altman and Bayer, 1982) . We believe that the quantification of the number of trigeminal ganglion cells that do not express neurofilament indeed provides a good estimate of the numbers of precursors at the stages examined for the purposes of this study. Cell cycle studies in early sensory ganglia show that essentially all neurofilament-negative cells can be labeled in E11.5 animals by repeated pulses of BrdU over a 9 hr period (I. Fariñas and L. Reichardt, unpublished observations), indicating that all of the neurofilament-negative cells counted in this study are indeed proliferating. By considering the numbers and proliferative properties of this pool at stage E11.5, we can appraise whether neurons are being born in normal numbers in mutant animals (see below).
NT-3 directly affects the neuronal population
In interpreting our results, we find no evidence for an effect of this mutation on the earliest events of gangliogenesis, because the E10.5 ganglion in mutant animals contains normal numbers of trigeminal cells and neurons. However, after this initial stage, we find a rapid depletion of the number of neurons in mutants relative to wild type. This decrease, seen in the absence of a detectable effect on the precursor population during neurogenesis, suggests that NT-3 acts directly on the neuronal population. Moreover, the increase in cell death seen at these stages strongly suggests that the loss of neurons is attributable to neuronal apoptosis.
Where is the NT-3 required by trigeminal neurons produced? The expression pattern of our lacZ reporter gene indicates that at E11.5, NT-3 is available along the entire trajectory of maxillary axons, including final target regions. We do not observe staining within the ganglion, but it is possible that NT-3 is available within the ganglion via diffusion from nearby mesenchymal cells (Figs. 3B, 4D ). The onset of the deficit in the trigeminal ganglion occurs between ages E10.5 and E11.5, a time span during which the first trigeminal axons are beginning to reach their targets (Figs. 4 B , 5B) (see also Davies and Lumsden, 1984) . This suggests that the earliest trigeminal neurons may not require NT-3 for survival until their axons have reached the vicinity of their targets. Alternatively, the onset of the deficit in mutants might reflect a requirement for NT-3 by later born neurons. One prediction of this alternative idea is that the earliest neurons would be relatively unaffected by the loss of NT-3. This could be determined via a detailed neurogenesis study comparing wild type with mutant animals.
Developmental studies of trigeminal neurons in vitro have demonstrated a switchover in the neurotrophin dependence of early trigeminal neurons (Buchman and Davies, 1993) . Cultures of early trigeminal neurons can survive in the presence of NT-3, BDNF, or NT-4, whereas most neurons from cultures of later trigeminal ganglia survive only in the presence of NGF. The switchover is observed in cultures from E11-E13 mice, which corresponds well to the stages at which we see neuronal losses in vivo in mice lacking NT-3. This switchover further corresponds to a period of rapid increase in NGF expression in the presumptive epidermis at the times (stages E12-E13) that we see a relative decrease in the expression of NT-3 in that tissue (Davies et al., 1987) (for discussion, see Davies, 1994) . This raises the intriguing possibility that the survival of trigeminal neurons depends on obtaining NT-3 and NGF in sequence from the same tissue. Because the size of the trigeminal ganglion deficit is very large in animals lacking NT-3 and in animals lacking NGF, at least some trigeminal neurons must require both factors for survival (for discussion, see Fariñas and Reichardt, 1996) . Whereas NGF and NT-3 use trkA and trkC, respectively, as their primary receptors, trigeminal neurons in this situation might, in fact, respond to both factors via the identical receptor, namely, trkA. trkA is expressed very early by most trigeminal neurons (Arumae et al., 1993) (unpublished observations), and both NT-3 and NGF are capable of signaling through this receptor (Clary and Reichardt, 1994; Davies et al., 1995) . However, trigeminal neurons in cultures from stage E11-E13 animals do not survive in identical numbers in response to NT-3 and NGF (Buchman and Davies, 1993) , sug- gesting complexities in the ligand-receptor system in the trigeminal ganglion. Both differential splicing of trkA and its coexpression with p75
NTR have been shown to modulate the efficacy of trkA activation by NT-3 (Clary and Reichardt, 1994) . Either mechanism might explain the changes in relative sensitivity of trigeminal neurons to NT-3 compared with NGF seen over this interval. Evaluation of this hypothesis would require additional study of the relationship between the extension of peripheral trigeminal axons in vivo and the expression of functional NT-3 receptors. In any event, the fact that the phenotype in vivo of mice lacking NT-3 results in incomplete elimination of trigeminal neurons suggests that other survival factors could be supporting these neurons at this stage.
Late disruption in precursor populations
It seems likely that lack of NT-3 does not primarily affect the generation of neurons by precursor cells during the interval over which the neuronal deficit is emerging. Our quantification of precursor numbers (Table 1, Fig. 2) indicates that these cells are present in normal numbers in mutant mice at E11.5 and that most of these cells survive throughout the interval of the deficit in the absence of NT-3. Consequently, NT-3 does not appear to be an essential survival factor for the majority of precursors in vivo. In addition, the numbers of trigeminal cells incorporating BrdU is not diminished in mutant animals at this stage (Table 2) . Thus, precursor cells are not significantly diminished in numbers or slowed in proliferation by the absence of NT-3 at E11.5 when neurogenesis is at its maximum (see Altman and Bayer, 1982) . This suggests that neurons are being generated in normal numbers at this stage. Therefore, the simplest inference from these findings is that the neuronal defect seen in the trigeminal ganglion of E11.5 mutants does not arise primarily from a diminished generation of neurons by precursors. Instead, the progressive decrease of neurons as percentage of all cells in mutants, relative to wild-type embryos, indicates that the lack of NT-3 directly affects neuronal numbers via the neurons themselves.
Although not seen in earlier embryos, we do observe a change in the intrinsic rate of proliferation of precursors at E13.5. (Table  2 ). Because this change occurs after the onset of the neuronal deficiencies, which are already seen in E11.5 animals, we cannot determine whether they represent direct or indirect effects of the absence of NT-3. By E13.5, almost all neurons have been born, and the changes seen in E13.5 animals in themselves could reflect decreased generation of satellite cells (see Altman and Bayer, 1982) . Consistent with this hypothesis, NT-3 has been shown to act as a mitogen for oligodendrocyte precursors (Barres et al., 1994) . Therefore, the proliferative changes seen at E13.5 probably do not contribute substantially to the deficit in neuronal numbers.
Our results provide strong evidence that neurons are the population most affected by the absence of NT-3 in the developing trigeminal ganglion. Our quantification of neuronal and non- Figure 5A . **p Ͻ 0.01, one-tailed Student's t test. Figure 5 . Comparison of the peripheral branches of the trigeminal nerve in wild-type and mutant mice. A, Schematic drawing of an E13.5 embryo (adapted from Theiler, 1989) indicating the plane of section used for the camera lucida analysis. The thin ophthalmic branch (dorsal) and the thick maxillary branch (middle) were compared in wild-type, heterozygous, and mutant mice. The mandibular branch (ventral) travels obliquely to this plane and was not analyzed. ON, Optic nerve. B, Camera lucida drawing showing the ophthalmic and maxillary branches of the trigeminal nerve in a wild-type embryo. The ophthalmic nerve is hatched; the maxillary fascicles are cross-hatched. OX, Optic chiasm. C, Camera lucida drawing of the same complex in a mutant animal. The ophthalmic (hatched) and maxillary (cross-hatched) branches of the ganglion are both depleted (see Table 3 ). Scale bars, 100 m.
neuronal pools clearly shows that the former pool is specifically depleted in animals lacking NT-3 in the absence of effects on precursor populations. After the initial review of this paper, another study (ElShamy and Ernfors, 1996b) was published that argues that precursors, not neurons, are the cells primarily affected in the absence of NT-3. They observe colabeling of BrdU label with some TUNEL-positive cells and observe an increased proportion, versus wild type, of TUNEL-positive cells colabeled with anti-nestin, a marker for neural progenitors. The two sets of observations might be reconciled if the neurons that die in the trigeminal ganglion of NT-3 knock-out mice at E11.5 have committed to do so shortly after their final mitosis. A 5-6 hr BrdU labeling protocol was used in their experiments, and other markers for progenitor cells have been shown to persist in newborn neurons (Cochard and Paulin, 1984; Memberg and Hall, 1995) . However, in our analysis of development of the deficiency in the dorsal root ganglia of NT-3 mutant mice, we also have evidence indicating that there may be methodological problems associated with the nonstandard BrdU labeling protocol used by these authors (I. Fariñas, C. Yoshida, C. Backus, and L. Reichardt, unpublished observations).
In conclusion, our results indicate that lack of NT-3 results in abnormal elimination of trigeminal neurons early in development, with a subsequent disruption of precursor populations, possibly as an indirect effect of the loss of neurons. Thus, NT-3 acts as a peripherally derived survival factor for these neurons in the wildtype mouse. Further understanding of the cellular events associated with the neuronal requirement for NT-3 will require additional investigation of the relationship between the defects seen in knock-out mice and the expression of functional NT-3 receptors by trigeminal neurons.
